Danish couples were recruited after a nationwide mailing of a letter to 52,255 trade union members who were 20-35 years old, lived with a partner, and had no children. The couples were enrolled into the study when they discontinued birth control, and they were followed for six menstrual cycles or until a clinically recognized pregnancy. At enrollment and each month throughout the follow-up, both partners completed a questionnaire that asked them about their smoking, alcohol consumption, and intake of caffeinated beverages. The effect of current smoking and smoking exposure in utero was evaluated by using a logistic regression model with pregnancy outcome of each cycle in a Cox discrete model calculating the fecundability odds ratio. After adjustment for female body mass index and alcohol intake, diseases in female reproductive organs, semen quality, and duration of menstrual cycle, the fecundability odds ratio for smoking women exposed in utero was 0.53 (95% confidence interval (Cl) 0.31-0.91) compared with unexposed nonsmokers. Fecundability odds ratio for nonsmoking women exposed in utero was 0.70 (95% Cl 0.48-1.03) and that for female smokers not exposed in utero was 0.67 (95% Cl 0.42-1.06). Exposure in utero was also associated with a decreased fecundability odds ratio in males (0.68, 95% Cl 0.48-0.97), whereas present smoking did not reduce fecundability significantly. It seems advisable to encourage smoking cessation prior to the attempt to conceive as well as during pregnancy. Am J Epidemiol 1998; 148:992-7. fertility; prenatal exposure delayed effects; smoking Fecundability is the biologic ability of a couple to conceive within a menstrual cycle. If pregnancies are planned and the couple discontinues the use of reliable contraception at a defined point in time, fecundability can be determinated as the time to pregnancy or number of cycles to pregnancy (CTP) for a sexually active couple to conceive. The fecundability measure reflects several steps toward achieving a recognized pregnancy, from sexual activity to a sustained implantation of the fertilized egg. CTP uses the menstrual cycle as the basic unit of measurement where each cycle rep-
Fecundability is the biologic ability of a couple to conceive within a menstrual cycle. If pregnancies are planned and the couple discontinues the use of reliable contraception at a defined point in time, fecundability can be determinated as the time to pregnancy or number of cycles to pregnancy (CTP) for a sexually active couple to conceive. The fecundability measure reflects several steps toward achieving a recognized pregnancy, from sexual activity to a sustained implantation of the fertilized egg. CTP uses the menstrual cycle as the basic unit of measurement where each cycle rep-resents a single opportunity to obtain a conception. CTP can be reliably reported only in prospective data collection, because women remember the time to pregnancy in months rather than in cycles.
The effect of smoking on fertility has been described in a number of studies. Many studies have shown decreased fertility among female smokers (1) (2) (3) (4) (5) (6) (7) , but a Dutch follow-up study (8) reported that women who smoked 1-9 cigarettes per day had a shorter time to pregnancy than nonsmokers. A European concerted study (9) showed no association at this level but a detrimental effect if women smoked >10 cigarettes per day. Most studies of smoking and male fertility have focused on semen quality among infertility patients. Many early reports (e.g., references 10, 11) found more abnormal sperm cells among smokers but later studies (12) (13) (14) (15) failed to corroborate this finding. However, a meta-analysis of 20 studies (16) found that smokers had a significant reduction in sperm density and concluded that the lack of statistical significant findings in many of the studies may have been due to small sample sizes.
In mice, primary oocytes are destroyed by prenatal exposure to polycyclic aromatic hydrocarbons (PAH)-one of the compounds in cigarette smoke (17) . Both male and female mice fetuses exposed to PAH have been reported to have reduced fertility in adulthood (18) . One study (19) found 50 percent reduction in fecundability among women prenatally exposed to cigarette smoke, whereas a later study (20) failed to confirm this finding. These reports raised the question whether exposure of the human female fetus to tobacco components may reduce adult reproductive capacity irreversibly.
We examined effects of male and female smoking and exposure to cigarette smoke in fetal life and the probability of conception. The repeated measurements during six menstrual cycles of follow-up enabled us to take into account several potential confounders among 430 Danish couples who tried to conceive for the first time.
MATERIALS AND METHODS

Population
From 1992 to 1995, a total of 430 couples were recruited after a nationwide mailing of a personal letter to 52,255 trade union members (metalworkers, office workers, nurses, and day-care workers) who were 20-35 years old, lived with a partner, and had no children. Only couples without previous reproductive experience who intended to discontinue contraception in order to become pregnant were eligible. A detailed description of the study cohort is provided elsewhere (21) .
Enrollment and follow-up
The couples were enrolled into the study when they discontinued birth control. They were followed for six menstrual cycles or until a clinically recognized pregnancy occurred. The couples were enrolled at two centers: the Department of Occupational Medicine in Aarhus (west center) and the Department of Growth and Reproduction in Copenhagen (east center). At enrollment, both partners completed a questionnaire on demographic, medical, reproductive, occupational, and life-style factors. The men provided a semen sample, and blood samples were drawn from both partners. During follow-up, the women recorded vaginal bleeding and sexual intercourse daily, and one additional semen sample was collected during the menstrual period of each cycle. Finally, couples completed a monthly questionnaire on changes in occupational exposures and life-style factors.
The couples were asked to report on smoking, alcohol consumption, and intake of caffeinated beverages as average daily consumption during the week prior to completion of the questionnaire. Smoking habits were reported as the number of cigarettes, cigars, or pipes smoked per day. Alcohol intake during the week prior to completion of the questionnaire was measured as the absolute number of drinks (approximately 12 g of alcohol each). Coffee, tea, and chocolate consumption were measured as the average number of cups per day. Cola consumption was recorded as the average weekly number of bottles (0.25 liters) consumed, and the daily caffeine intake was estimated (22) assuming the content of caffeine to be 100 mg in one cup of coffee, 50 mg in one cup of tea, 25 mg in one cup of chocolate beverages, and 100 mg in 0.25 liters of cola (22) . If the questions on life-style factors were missing in a monthly questionnaire, the person was assumed to consume the same amount of caffeine and alcohol, and to smoke the same number of cigarettes as during the previous month. If the entire monthly questionnaire was missing (approximately 20 percent), the cycle was excluded from the analyses.
Furthermore, the participants were asked: "Did your mother smoke when she was pregnant with you?" and to report whether this information was provided by their mother or not. They stated if both their parents smoked at home, if one parent smoked, or if none of them smoked. Information on height and weight was collected, and body mass index was calculated as weight (kg)/height (m) 2 . All information regarding diseases in the reproductive organs were analyzed in relation to fecundability, and those diseases that affect fecundability (salpingitis, ovarial cysts, gonorrhea, peritonitis, epididymitis, adult parotitis, testicular cancer, and cryptorchidism) were transformed into one variable for males and one for females: present or not present.
Cycles to pregnancy (CTP) or to termination of follow-up were calculated from the day the couples discontinued contraception. If the discontinuation was 10 or more days prior to the first day of the next menstrual bleeding or the expected day of the next menstrual bleeding (calculated from last menstrual bleeding and cycle length), the cycle was counted as the first. For other couples, the first cycle was that following the menstrual bleeding. If the couples had no intercourse from day 11 to 20 in the cycle, the cycle was considered non-informative and thus was excluded (47 cycles). Furthermore, seven couples were excluded due to azoospermia. Couples who dropped out of the study were censored at the cycle in which they terminated participation (n = 22). Therefore, 1,596 cycles and 423 couples were included in the final analyses.
Statistical analyses
We studied the effect of male and female smoking exposure in utero and current smoking separately but controlled for the possible confounding by other variables. Three dummy variables for smoking exposure were constructed: current exposure, exposure in utero, and exposure to both. The effect of each exposure was evaluated separately for each sex.
Potential confounders were examined by bivariate analyses comparing couples who obtained a pregnancy within six cycles with couples who did not. The following variables were related to pregnancy within six cycles: male and female smoking, if the mother of the female smoked during pregnancy, male and female diseases in the reproductive system, female alcohol intake (categorized as below or above 5 units per week), sperm concentration (categorized as 0-9.9 mill/ml, 10-19.9 mill/ml, 20-49.9 mill/ml, and >49.9 mill/ml), duration of menstrual cycle, use of oral contraceptives as last method of birth control, and female body mass index. Variables of interest with no association with CTP were the center of enrollment, age at menarche, male body mass index, male alcohol intake, and age and caffeine intake of both sexes. Because passive smoking during childhood was not associated with fecundability in the bivariate analysis, this exposure was not included in the final multivariate logistic regression model.
The cycle-specific association between smoking exposure and fecundability was analyzed by survival analysis techniques which are equivalent to logistic regression on the total number of observed cycles with the outcome "pregnant/not pregnant" (23) . Fecundability denotes the probability of obtaining a clinically recognized pregnancy in a menstrual cycle among couples not pregnant in the previous cycles. The fecundability odds ratio measures the odds of a conception among the exposed divided by the odds among those not exposed. In addition, the cycle number at which the couple conceived was added to the model. Other variables mentioned above were excluded stepwise, and if the point estimate of the association between the smoking variable and fecundability changed by less than 10 percent after exclusion, the variable was removed from the final model (24) . Those variables which did not affect point estimates by 10 percent or more were also not statistically significant at the 5 percent level. The model with male smoking included female smoking but did not include semen quality, because this may mask an effect of smoking on male fecundability. Finally, we checked that a discrete version of the Cox regression model with random effects for couple heterogeneity (23) gave identical results to those presented.
Fecundability odds ratios are presented with 95 percent confidence intervals.
RESULTS
Thirty percent of the females {n = 127) and 32 percent of the males (n -137) were smokers at the beginning of the follow-up. Forty-two percent of the women (n = 163) and 40 percent of the men (n = 154) reported exposure to smoking in utero. Twenty-six percent of the women (n = 111) and 14 percent of the men (n = 58) reported that this information was provided by their mother and among these the proportion of exposed in utero was 44 percent and 30 percent, respectively. Almost all the participants reported a daily intake of coffee. Twenty-eight percent of the women (n = 120) and 10 percent of the men (n = 42) reported no weekly intake of alcohol. Nine percent of the women and 11 percent of the men reported diseases of the reproductive organs. Table 1 provides the characteristics of the couples by smoking status of the women. Female smokers more often lived with a male smoker and both consumed more beverages that contained caffeine than did nonsmoking women and their partners. The smokers also had a higher alcohol intake and they more often reported that their parents smoked. Female smokers had longer menstrual cycles and fewer had experienced diseases in the reproductive system.
The overall pregnancy rate in the first cycle was 15.3 percent among smokers and 16.4 percent among nonsmokers (overall 16.1 percent). Nonsmokers had consistently higher probabilities of conception per cycle during the six cycles of follow-up. In the six cycles of follow-up, 51.2 percent of the smokers and 63.0 percent of the nonsmokers conceived. In a bivariate logistic regression analysis including cycles to pregnancy and the three dummy variables for smoking exposure, female smokers with no exposure in utero had a fecundability odds ratio of 0.54 (table 2) . Among males, the fecundability odds ratio was 0.66.
The multiple logistic regression model including the confounding variables revealed an association between fecundability and exposure to cigarette smoke in utero among nonsmoking women. After adjustment for female body mass index and alcohol intake, diseases in female reproductive organs, semen quality, and duration of menstrual cycle, the fecundability odds ratio for female smokers compared with nonsmokers was 0.67 (95 percent confidence interval (CI) 0.42-1.06, table 2). The fecundability odds ratio for nonsmoking women exposed in utero was estimated as 0.70 (95 percent CI 0.48-1.03, table 2) compared with nonsmoking women who were not exposed in utero. The fecundability odds ratio for women exposed to both factors was 0.53 (95 percent CI 0.31-0.91, table 2) compared with nonexposed women. Exposure in utero was also associated with decreased fecundability in males (OR = 0.68, 95 percent CI 0.48-0.97) after adjustment for potential confounding variables, whereas present smoking did not reduce fecundability significantly (table 2) . Even adding semen concentration to the model for male smoking and fecundability did not affect the reported associations.
A dose-response-like effect of smoking on fecundability was examined by categorizing female smoking in 0, 1-4, 5-9, and >9 cigarettes per day and the following fecundability odds ratios were found: 1.0 (reference), 0.56, 0.44, and 0.86, which failed to indicate a dose-response relationship. Women who stopped smoking within a year prior to the attempt to conceive had a fecundability odds ratio similar to the women who never smoked (1.06, 95 percent CI 0.63-1.81).
The decreased fecundability among female smokers with and without prenatal exposure to cigarette smoking was also found in different subpopulations (among couples from the four different unions and among couples who used oral contraception prior to enrollment). The association between in utero exposure and fecundability among women (n = 108) and men (n = 54) who reported that this information was provided by their mothers was present among the men (fecundability odds ratio (OR) = 0.36, 95 percent CI 0.11-1.19) but not among the women (OR = 1.10, 95 percent CI 0.52-2.31). The findings were, however, not statistically significant both among males and females.
DISCUSSION
We found an association between current smoking and fecundability among females, especially among females who were also exposed to smoking in utero. Furthermore, our findings suggest that exposure to intrauterine tobacco compounds in males may impair subsequent fecundability, whereas current smoking in males was not associated with fecundability.
Most studies (2-7, 9, 25, 26) show an association between female smoking and fertility. Studies on the effect of male smoking show much more divergent results (3, 8, 10-15, 25, 27) . The effects of in utero exposure are much less frequently studied and the results need further support to achieve credibility. Two US studies (19, 20) found contradictory results regarding the effect of smoking exposure in utero and during childhood and future fertility. However, the studies were not designed to evaluate these hypotheses. Among males, a higher point estimate (OR = 0.83, 95 percent CI 0.53-1.30) among current smokers and in utero exposed was found than among current smokers (OR = 0.78, 95 percent CI 0.51-1.19) and in utero exposed (OR = 0.68, 95 percent CI 0.48-0.97), which does not support the conclusion about in utero exposure. However, small numbers seen from the wide confidence intervals may explain the findings. The quality of the prenatal exposure information may be questioned in studies which rely on retrospectively collected data. By asking the couples if they obtained the information about in utero exposure from their mother directly and including in the analyses only couples who indicated this, the decreased fecundability with in utero exposure was only present among males. However, small numbers and lack of statistical power characterized this analysis. Apart from information on smoking, no information on the parents of the couples was collected. Thus, the association between prenatal smoking exposure and future fertility could be due to confounding. Our finding of impaired fecundability among female smokers is biologically plausible. Delayed conception reflects a range of possible adverse reproductive effects, i.e., interference with gametogenesis or fertilization, implantation, and subclinical loss after implantation (28) (29) (30) (31) (32) . Animal studies suggest that compounds in tobacco may interfere with all events from gametogenesis to early postimplantational development (28) . If there is an effect of smoking on the reproductive potential at the female fetus, the mechanism is uncertain. A possible effect of exposure in fetal life could be due to a toxic exposure or a result of inference with organ growth of critical stages. However, this effect would supposedly be irreversible, whereas effects of current smoking would be expected to be reversible. This is suggested by our data, because women exposed in utero, but not currently exposed, still experienced reduced fecundability compared with unexposed women. Other studies indicate that current smoking only reduces fecundability during exposure (9) . In fact, in the present study, women who stopped smoking had an increased fecundability compared with current smokers.
Detailed specific information on the life-style factors were collected repeatedly to reduce misclassification on exposure. To avoid recall bias, information was collected in each cycle prior to the knowledge of the outcome of the cycle. This should provide data of higher quality than in most other studies. Most of the participants did not change their smoking habits during the follow-up (six persons stopped smoking and two started smoking). Furthermore, it was possible to control for a variety of potential confounding variables, of which only a few have been controlled in previous studies.
In conclusion, we found an association between male and female smoking exposure in utero and current female smoking and decreased fecundability. Data from the present study provide evidence that cigarette smoking is a reproductive hazard even prior to pregnancy. Therefore, it seems advisable to encourage smoking cessation prior to the attempt to conceive as well as during pregnancy.
